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[bookmark: _Toc494747810]Introduction
In previous meetings, the following agreements were made:
Agreement #1 (RAN1-NRAH3):
· When SS blocks are used as RLM-RS
· A set of SS blocks are explicitly configured by RRC
· When CSI-RS is used as RLM-RS
· a set of CSI-RS resources are explicitly configured as RLM RS by RRC
· FFS whether a subset of CSI-RS resources configured for P1 BM is configured as RLM-RS
Agreement #2 (RAN1 #90):
· NR supports to configure X RLM-RS resource(s)
· One RLM-RS resource can be either one SS/PBCH block or one CSI-RS resource/port
· The RLM-RS resources are UE-specifically configured at least in case of CSI-RS based RLM
· FFS: how to configure RLM-RS resources in case of SS/PBCH block based RLM
· FFS: whether/which the default RLM-RS resource(s) is defined
· FFS: whether configured RLM-RS resource(s) and RS(s) used for beam failure detection are same or different set
· FFS: in case of CSI-RS based RLM, which CSI-RS is used, beam management CSI-RS or L3 mobility CSI-RS
· FFS: if/how to configure interference measurement resource for RLM
· The symbols used for interference measurement can be same or different from the symbol from RLM-RS resource(s)
Agreement #3 (RAN1-NRAH2):
· CSI-RS resource with 1-port and 2-port for one OFDM symbol can be used for beam management
· Value of D>=1 represents RE/RB/port within a OFDM symbol.
· For the case of 1-port
· No CDM
· Subcarrier spacing within a PRB for D>1
· Even spacing
· Constant subcarrier spacing across PRB(s)
· Constant subcarrier spacing within a BWP
· FFS the values of D 
· …
Working assumption #1:
· CSI-RS resource(s) with 2-port with D>1 for beam management is not supported in Rel-15

In this contribution, we discuss remaining issues on RLM. 
[bookmark: _Ref178064866][bookmark: _Toc494747811]Discussion
Radio link monitoring in NR is performed based on one or more RLM-RS resources. Each RLM RS can be either an SS block or a CSI-RS resource. The structure of the SS block has been settled, and what remains to describe is how it should be used for RLM purposes, in particular the need for any additional interference measurement resource. We will discuss this in subsection 2.2.2.
The CSI-RS design agreed for NR is quite flexible, and it can be used for several purposes. In the next subsection, we will discuss what additional CSI-RS properties are relevant for RLM. 
[bookmark: _Toc494747812]Additional details for CSI-RS for RLM
When discussing the properties of CSI-RS for RLM, there is sometimes a discussion if it is the “CSI-RS for beam management” of the “CSI-RS for L3 mobility”. However, the properties of these to CSI-RS configurations are very similar: in fact, it is clearly stated that the CSI-RS for L3 mobility reuses the CSI-RS for beam management as baseline. The only difference is that the CSI-RS for L3 mobility will have the cell as one of its properties, apart from that, there is very little difference. 
[bookmark: _Toc494747840]The CSI-RS resource(s) used for RLM do not have any cell property, similar to the CSI-RS resources used for beam management.
To proceed with the definition of RLM based on CSI-RS, the most important remaining factor is the number of ports used for RLM. For CSI-RS for beam management, the number of ports is either 1 or 2. For 2 ports, the working assumption #1 states that no density D>1 will be supported in Release-15. Although the final values of D will be discussed in RAN4, it is our understanding that D=1 will not provide sufficient accuracy. For CSI-RS with D>1, the only available CSI-RS is thus the single-port CSI-RS described in agreement #3. Fortunately, there is little need to use a CSI-RS resource with several ports: as the RLM procedure aims to track the performance of the PDCCH, and the PDCCH uses single-port transmission, a single-port CSI-RS is sufficient. Therefore, we propose 
[bookmark: _Toc494184685][bookmark: _Toc494199111][bookmark: _Toc494747873]When CSI-RS is used as an RLM-RS, a single-port resource with 1≤D≤12 is used.
As mentioned, the density will be confirmed by RAN4. However, for all practical purposes, RAN1 can proceed with the design of the procedures assuming that 1≤D≤12. The actual RLM procedure will be independent of the density.
Furthermore, the bandwidth of the CSI-RS should be decided. Since RLM needs to work for narrowband UEs, one CSI-RS with s small bandwidth will need to be used. Then, it may also be valuable to rely on a CSI-RS with larger bandwidth to provide better performance. However, we should remember that radio link monitoring is not a procedure that requires high accuracy: it is really designed to avoid that the UE becomes trapped in an unreachable state. Still, in some deployments, it may be relevant to use a CSI-RS with larger bandwidth. Hence, we propose
[bookmark: _Ref494195922][bookmark: _Toc494199112][bookmark: _Toc494747874]At least two transmission/measurement bandwidths are defined for CSI-RS for RLM: one equal to the minimum bandwidth of the carrier, and one additional larger bandwidth. 
The bandwidth argument is rather similar to the one made regarding CSI-RS for L3 mobility, and Proposal 2 actually points to the same bandwidth configuration possibilities as for CSI-RS for L3 mobility.
[bookmark: _Toc494747813]Interference estimation in RLM
In the agreement #2, the need for interference measurement resources was mentioned in an FFS. To investigate the need for separate interference measurement resources, link simulations have been performed to compare the SINR estimation accuracy with and without dedicated interference measurement resources. In this simulation, the SS-SINR has been estimated. 
Figure 1a presents SS-SINR estimation quality performance comparison when noise+interference is estimated on the SSB REs. The accuracy is compared to the case when the noise+interference is estimated on dedicated interference measurement REs. The results were obtained for a moderately dispersive propagation channel with 300 ns RMS delay spread. The figure depicts the 50- and 75-percentiles of the absolute SS-SINR estimation error magnitude in dB as a function of the true average SINR of the SSB symbols REs. 20 MHz carrier BW at 15 kHz subcarrier spacing was configured and the PSS and SSS fields at OFDM symbols 1 and 3 during the SSB were used for measurements. The channel estimation filter length in the F-domain was optimized for low-SINR operation. The estimation error values were quantized to 0.1 dB steps. 
The SS-SINR estimation error is dominated by the RSRP estimation error, predominantly due to fading variations between the measured RSRP on the SSB REs and the RSRP over the entire bandwidth. Figure 1b presents the corresponding noise+interference measurement performance curves, seen to contribute minimally over most of the operating range. In the evaluation setup, a frequency-flat noise+interference component was used. While the absolute SS-SINR estimation inaccuracy may be increased when fading interference in introduced, the relative performance comparison of the SSB RS and dedicated RE approaches is not expected to change.
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[bookmark: _Ref492898824]Figure 1. SS-SINR measurement performance evaluation.
Summarizing the observations, separate interference measurement resources provide noticeably improved estimation accuracy only for very high SINR levels. E.g., if the actual SINR is in the order of 20dB or above – an unusual operating point for RLM – interference measurement resources may provide worthwhile measurement accuracy improvements. However, in typical scenarios where RLM is important, the actual SINR is well below 5dB, and here interference measurement resources do not contribute to improved accuracy.
[bookmark: _Toc494747841]At the SINR levels relevant for RLM, introducing separate interference measurement resources provide no performance benefit. SINR estimation error is dominated by errors in the RSRP estimation.
Although we investigated the accuracy of the SS-SINR estimation, the results are generally applicable to any SINR estimation at low SINR. Essentially, it is not difficult to estimate noise+interference at these SINR levels: a weak signal is buried in a lot of noise. Here, it becomes difficult to estimate the signal energy, but relatively easy to estimate the interference. We will refer to this result in the coming two subsections. 
Separate interference measurement resources have been introduced in NR for link adaptation purposes, in the form of zero-power (ZP) CSI-RS. Basically, the network refrains from transmitting anything in these REs to let the UE instead measure interference. Clearly, the blanking of REs to enable interference measurements complicates network operation and planning, and some capacity is wasted. 
[bookmark: _Toc494747842]The introduction of dedicated interference measurement resources complicates network operation and planning. 
Hence, any introduction of such interference measurement resources should be motivated by clear performance gains.
[bookmark: _Ref494198504][bookmark: _Toc494747814]CSI-RS
The results depicted in Figure 1 are directly applicable to RLM based on CSI-RS. There is no gain in using additional interference measurement resources to estimate SINR at levels relevant for RLM. As the network can freely transmit the CSI-RS, interference measurements on the RE elements carrying CSI-RS will be representative of the interference situation of the PDCCH. Since the accuracy can be made good enough, there is no need to complicate system design by introduction of dedicated interference measurement resources. Hence, we propose:
[bookmark: _Toc494184686][bookmark: _Toc494199113][bookmark: _Toc494747875]No separate interference measurement resources are introduced for the case where RLM is performed based on CSI-RS.

[bookmark: _Ref494193216][bookmark: _Toc494747815]SS block
The results depicted in Figure 1 are directly applicable to RLM based on SS block. There is no gain in using additional interference measurement resources to estimate SINR at levels relevant for RLM. As long as transmissions from different cells are not time-aligned, the arguments from section 2.2.1 are directly applicable also regarding RLM based on SS block.
However, the case where transmissions from different cells are time-aligned deserves some additional attention. This mode of operation is beneficial to simplify measurements in the UE: since the SS block transmissions overlap, the UE can perform measurements on many cells at the same time. However, this means that when the UE estimates interference on REs where the SS block is transmitted, it will measure interference originating from SS blocks transmitted in other cells. The estimated interference level may not be representative of the interference experienced on the PDCCH transmissions. In a certain measurement instant, the SINR estimate may become biased. 
However, we should note that RLM is not a high-accuracy procedure. The target with RLM is to discover situations where the UE becomes trapped in an unreachable state. For this purpose, the accuracy of the procedure is accurate enough, also for the case with synchronized interference. If RLM performance is deemed to be critical (!), the NW may choose to use RLM based on CSI-RS instead. Hence, we propose 
[bookmark: _Toc494184687][bookmark: _Toc494199114][bookmark: _Toc494747876]No separate interference measurement resources are introduced for the case where RLM is performed based on SS block.
[bookmark: _Toc494747816]No relation to beam recovery failure
In [1], it was stated that “RLF connected to beam management” is not part of the December release. We interpret that there will be no indications provided from the beam recovery mechanism to higher layers. This was also confirmed in the discussion of [2], although nothing was captured as an agreement. 
[bookmark: _Toc494747817]Conclusions
In this contribution, we made the following observations:
Observation 1	The CSI-RS resource(s) used for RLM do not have any cell property, similar to the CSI-RS resources used for beam management.
Observation 2	At the SINR levels relevant for RLM, introducing separate interference measurement resources provide no performance benefit. SINR estimation error is dominated by errors in the RSRP estimation.
Observation 3	The introduction of dedicated interference measurement resources complicates network operation and planning.

We make the following additional proposals:

Proposal 1	When CSI-RS is used as an RLM-RS, a single-port resource with 1≤D≤12 is used.
Proposal 2	At least two transmission/measurement bandwidths are defined for CSI-RS for RLM: one equal to the minimum bandwidth of the carrier, and one additional larger bandwidth.
Proposal 3	No separate interference measurement resources are introduced for the case where RLM is performed based on CSI-RS.
Proposal 4	No separate interference measurement resources are introduced for the case where RLM is performed based on SS block.
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